The NF-B signaling network, which is an ancient signaling pathway, plays a pivotal role in innate immunity and constitutes a first line of defense against invading pathogens, including viruses. However, numerous viruses possess evolved strategies to antagonize the activation of the NF-B signaling pathway. Our previous study demonstrated that the nonstructural protein 2C of enterovirus 71 (EV71), which is the major pathogen of hand, foot, and mouth disease, inhibits tumor necrosis factor alpha (TNF-␣)-mediated activation of NF-B by suppressing IB kinase ␤ (IKK␤) phosphorylation. Nevertheless, the mechanism underlying the inhibition of IKK␤ phosphorylation by EV71 2C remains largely elusive. We demonstrate that EV71 2C interacts with all isoforms of the protein phosphatase 1 (PP1) catalytic subunit (the PP1␣, PP1␤, and PP1␥ isoforms) through PP1-docking motifs. EV71 2C has no influence on the subcellular localization of PP1. In addition, the PP1-binding-deficient EV71 2C mutant 3E3L nearly completely lost the ability to suppress IKK␤ phosphorylation and NF-B activation was markedly restored in the mutant, thereby indicating that PP1 binding is efficient for EV71 2C-mediated inhibition of IKK␤ phosphorylation and NF-B activation. We further demonstrate that 2C forms a complex with PP1 and IKK␤ to dephosphorylate IKK␤. Notably, we reveal that other human enteroviruses, including poliovirus (PV), coxsackie A virus 16 (CVA16), and coxsackie B virus 3 (CVB3), use 2C proteins to recruit PP1, leading to the inhibition of IKK␤ phosphorylation. Our findings indicate that enteroviruses exploit a novel mechanism to inhibit IKK␤ phosphorylation by recruiting PP1 and IKK␤ to form a complex through 2C proteins, which ultimately results in the inhibition of the NF-B signaling pathway.
T
he Enterovirus genus, which belongs to the Picornaviridae family, comprises small, single-stranded, nonenveloped, positivesense RNA viruses. Enteroviruses include numerous important human pathogens, including poliovirus (PV), coxsackievirus A (CVA), coxsackievirus B (CVB), echoviruses (Echo), and numbered enteroviruses (EVs) (1) . Compared with original enteroviruses (like PV, CVA, CVB, and Echo), EV71, known as a common pathogen of hand, foot, and mouth disease (HFMD), is a new type of enterovirus that belongs to the human enterovirus A species (1) . EV71 was first isolated in 1969 from the stool of a 9-monthold child with encephalitis in California. Since then, EV71 infection has been reported worldwide, particularly in China and Southeastern Asia (2) (3) (4) . EV71 mainly infects children aged 6 to 59 months and rarely infects adults. The virus typically causes HFMD with neurological and systemic complications, such as poliomyelitis-like acute flaccid paralysis and brainstem encephalitis; infection with the virus can even be fatal. Thus, EV71 will be considered the most virulent human pathogen after PV has been eradicated (5) .
Control of virus infection in the host cell is initiated through the innate immunity system, which is mediated by the cooperation of a variety of pattern recognition receptors (PRRs). The NF-B signaling network is an ancient signaling pathway that was initially found in unicellular organisms and is a central regulator in innate immunity (6) . Its activation is tightly controlled by the IB kinase (IKK) complex, which consists of two catalytic subunits (IKK␣ and IKK␤) and the NF-B essential module NEMO, or IKK␥. The canonical NF-B signaling pathway is activated by the engagement of various stimuli, such as tumor necrosis factor alpha (TNF-␣), interleukin-1, lipopolysaccharide, lipopeptides, and viruses with their receptors. TNF-␣-activated signaling serves as a model of the canonical NF-B pathway (7) . The engagement of TNF-␣ with its receptor, TRAF2, phosphorylates and activates the IKK complex (8) , inducing the phosphorylation of IB and its release from the NF-B-IB inhibitory complex and ultimate degradation by the 26S proteasome. The liberated NF-B molecule, which possesses nuclear localization signal (NLS) regions, subsequently enters the nucleus and activates target gene transcription (9) . To restrict and circumvent the host antiviral immune system, enteroviruses have evolved sophisticated strategies to antagonize type I interferon (IFN) production. IFN antagonizes the activity of enteroviruses, and such antagonism is largely due to viral cleavage to major PRRs or the key molecule of IFN signaling pathways that is mediated by viral 2A and 3C proteinases or virus-induced caspases (10) . PV-induced caspases cleave MDA-5 and MAVS (11, 12) . The CVB3 3C proteinase cleaves TRIF, MAVS, FAK, and IB (13) (14) (15) . Like the PV-induced caspases and CVB3 3C proteinase, the EV71 3C proteinase cleaves IRIF and IRF7 and prevents the association of RIG-I with MAVS (16) (17) (18) , whereas the EV71 2A proteinase cleaves MAVS (19) and EV71-induced caspases cleave MDA-5 (20) . 2C proteins are the most conserved and complex nonstructural proteins of enteroviruses. However, in comparison with the biological functions of viral proteinases, which are well characterized, the biological function of the 2C proteins in innate immunity system remains unclear. We previously demonstrated that the EV71 2C protein interacts with IB kinase ␤ (IKK␤) and suppresses IKK␤ phosphorylation to inhibit the TNF-␣-mediated activation of NF-B (21). However, the molecular mechanism underlying the inhibition of IKK␤ phosphorylation is uncertain. As for the other enteroviruses, whether their 2C proteins regulate the NF-B signaling pathway remains to be fully addressed.
In the current study, we demonstrate that EV71 2C forms a complex with protein phosphatase 1 (PP1) and IKK␤, which results in the inactivation of the TNF-␣-mediated NF-B signaling pathway. We provide evidence that the 2C proteins of PV, CVA16, and CVB3 all interact with PP1 through PP1-binding motifs, leading to the inhibition of IKK␤ phosphorylation. Our study identifies a novel mechanism by which enteroviruses regulate the NF-B signaling pathway through the formation of a PP1-2C-IKK␤ complex. Plasmids. Hemagglutinin-tagged 2C (2C-HA), Flag-tagged 2C (2C-Flag), HA-IKK␤, NF-B-luciferase (Luc), and pRL-TK were prepared as previously described (21) . HA-PP1␣ was a gift from Thomas Leung (Institute of Molecular and Cell Biology, Singapore) (22) , and Flag-PP1␣, Flag-PP1␤, and Flag-PP1␥ were kindly provided by Irene L. Andrulis (Lunenfeld-Tanenbaum Research Institute, Mount Sinai Hospital, Canada) (23) . The pNTAP-A expression vector was purchased from Stratagene. pNTAP-A-2C was obtained by PCR amplification of the open reading frame (ORF) of EV71 2C and then cloned into the pNTAP-A vector through the use of the BamHI and EcoRI restriction enzymes. EV71 2C mutations (in which the amino acid substitution was in the PP1-binding motifs) Mut1-Flag, Mut2-Flag, Mut3-Flag, and 3E3L-Flag (see Fig. 4A and 5A) were constructed by multistep overlap PCR amplification and subsequently inserted into the pCAGGS expression vector through the use of the XhoI and SmaI restriction enzymes. The ORFs of the PV, CVA16, and CVB3 2C proteins were amplified by PCR from full-length PV, CVA16, and CVB3 cDNA clones, respectively, and then cloned into the pCAGGS expression vector through the use of the XhoI and SmaI restriction enzymes. The resulting constructs were designated PV-2C-Flag, CVA16-2C-Flag, and CVB3-2C-Flag, respectively. Fulllength PV, CVA16, and CVB3 cDNA clones were provided courtesy of Panyong Mao (Institute of Infectious Diseases, Beijing 302 Hospital, Beijing, China) (24), Bo Zhang (Wuhan Institute of Virology, Chinese Academy of Sciences, China) (25) , Huipeng Chen (Institute of Biotechnology, Academy of Military Medical Science, China) (26), respectively. The sequences of all constructs were verified by DNA sequencing to possess 100% agreement with the original sequence. The primers used in this study are summarized in Table 1 .
MATERIALS AND METHODS

Virus
Antibodies. The following primary antibodies were used: anti-EV71 2C rabbit polyclonal antibody, which was produced by us and previously described (21) ; mouse anti-HA (Abmart); rabbit anti-HA (Sigma); mouse anti-Flag M2 (Sigma); rabbit anti-PP1␣ (Abcam); rabbit anti-PP1␤ (Abcam); goat anti-PP1␥ (Santa Cruz); rabbit anti-IKK␣/␤ (Santa Cruz); rabbit anti-phospho-IKK␣/␤ (Ser 176/180; Cell Signaling Technology); mouse ␤-actin (Proteintech); and normal mouse IgG (Santa Cruz).
The following secondary antibodies were used: horseradish peroxidase (HRP)-coupled goat anti-mouse IgG (Pierce), HRP-coupled goat anti-rabbit IgG (Pierce), HRP-coupled donkey anti-goat IgG (Proteintech), fluorescein isothiocyanate (FITC)-coupled goat anti-mouse IgG (Pierce), and tetramethyl rhodamine isocyanate (TRITC)-coupled goat anti-rabbit IgG (Pierce).
TAP, silver staining, and mass spectrometry. Tandem affinity purification (TAP) assays were performed according to the manufacturer's standard instructions (Stratagene). In brief, 293T cells that had been transfected with pNTAP-A-2C or the pNTAP-A control vector were infected with EV71 (multiplicity of infection [MOI] ϭ 5) at 36 h posttransfection. After 24 h postinfection, the cells were harvested and lysed. EV71 2C-host protein complexes were first purified using washed streptavidin resin and then washed calmodulin resin. The precipitated proteins were eluted by boiling the resin for 10 min and then subjected to SDS-PAGE. The gels were stained with a silver stain kit for mass spectrometry (Thermo) according to the manufacturer's instructions, and the purified host proteins were identified by mass spectrometry, which was performed by Wuhan Institute of Biotechnology, China.
Co-IP and immunoblotting assays. For one-step coimmunoprecipitation (co-IP), 293T cells, which were transfected with the expression plasmids or vectors indicated below and stimulated by TNF-␣ (10 ng/ml) for 15 min or infected with EV71 (MOI ϭ 5) for 24 h in certain cases, were harvested and lysed with Western blotting and immunoprecipitation (IP) lysis buffer that contained phenylmethylsulfonyl fluoride and a protease inhibitor cocktail (Roche). Then, the cells were clarified by centrifugation at 16,000 ϫ g for 10 min at 4°C, and the supernatants were used in the subsequent co-IP assays according to the manufacturer's instructions for protein G-agarose (Fast Flow; Millipore). In brief, the antibodies of choice were added to the supernatants, and the reaction mixture was gently shaken overnight at 4°C. Then, 50 l of a washed protein G agarose bead slurry (25 l packed beads) was added, and the reaction mixture was gently shaken at 4°C for 2 h. The beads were washed five times with Tris-buffered saline (50 mM Tris-HCl, 500 mM NaCl, pH 7.4). The immunoprecipitates were eluted by boiling the beads for 10 min and subjecting them to SDS-PAGE and immunoblot analysis. The intensities of the IP bands were measured by using ImageJ software.
For two-step co-IP assays, 293T cells were cotransfected with HA-IKK␤ and 2C-Flag or the vector and lysed at 36 h posttransfection. The supernatants were subjected to the first step of co-IP using an EZview Red anti-Flag M2 affinity gel (Sigma) according to the manufacturer's instructions. Different from the one-step co-IP, the immunoprecipitates of the first step of co-IP were eluted with the Flag peptide (Sigma) by gently shaking the reaction mixture at 4°C for 2 to 4 h. The eluate from the first step of co-IP was used to perform the second step of co-IP using the same procedure described above, as well as the one-step co-IP assay described above.
Immunofluorescence and confocal microscopy. HeLa cells were transfected with Flag-PP1␣, Flag-PP1␤, or Flag-PP1␥ using the Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's instructions. In certain cases, the catalytic subunit of protein phosphatase 1 (PP1c) was cotransfected with 2C-HA or cells were infected with EV71 (MOI ϭ 5). At 24 h posttransfection, the cells were washed with 3% normal goat serum (NGS) in phosphate-buffered saline (PBS) (all subsequent washing steps used 3% NGS in PBS), fixed with 4% paraformaldehyde for 15 min, washed, permeabilized with 0.2% Triton X-100 in PBS for 15 min, washed, blocked with 5% NGS plus 2% bovine serum albumin in PBS for 2 h, and washed thrice. For immunostaining of 2C-HA, EV71-expressed 2C, and three Flag-tagged PP1c isoforms, the cells were incubated with rabbit anti-HA antibody (recognizing 2C-HA), rabbit anti-EV71 2C antibody (recognizing EV71-expressed 2C), and mouse anti-Flag antibody (recognizing Flag-tagged PP1c) overnight at 4°C. After five washes (10 min each), the cells were incubated with TRITC-coupled goat anti-rabbit IgG (recognizing rabbit anti-HA antibody and rabbit anti-EV71 2C antibody) and FITC-coupled goat antimouse IgG (recognizing mouse anti-Flag antibody) for 1 h at room temperature, respectively. After five washes (10 min each), the cell nuclei were stained with Hoechst 33258 (Beyotime Institute of Biotechnology, China) and washed thrice (5 min each). Fluorescent images were obtained with a PerkinElmer UltraView VOX confocal microscope equipped with a 405-nm laser line (for violet fluorescence of the stained cell nuclei), a 488-nm laser line (for green fluorescence), and a 561-nm laser line (for red fluorescence). The cells were observed with a 60ϫ oil immersion objective.
Luciferase reporter gene assay. Luciferase reporter gene assays were performed by using a dual-luciferase assay system kit (Promega). In brief, 293T cells grown on six-well plates were cotransfected with the NF-B luciferase reporter plasmid and pRL-TK, 2C-Flag, 3E3L-Flag, or the control vector plasmid and were mock treated or treated with TNF-␣ (10 ng/ml) for 6 h at 24 h posttransfection. The cells were lysed with passive lysis buffer, the supernatants were collected by centrifugation at 12,000 ϫ g for 30 s, and luciferase activities were measured according to the manufacturer's instructions (Promega). For all assays, experiments were performed in triplicate.
RESULTS
EV71 2C interacts with three isoforms of PP1c.
To gain insight into the molecular mechanism underlying the inhibition of IKK␤ phosphorylation mediated by EV71 2C, we performed tandem affinity purification (TAP) screening and a mass spectrometry assay to identify 2C-interacting host factors using TAP-tagged 2C and control vector pNTAP-A in transfected 293T cells in the context of EV71 infection. From the results of mass spectrometry, we found 11 fragments of the catalytic subunit of protein phosphatase 1 (PP1c) appearing in the purifications with TAP-tagged 2C (Table 2) but not in the purifications with control vector pNTAP-A.
To confirm the EV71 2C-PP1 interaction under physiological conditions, we performed co-IP assays with transfected 293T cells by using epitope-tagged 2C and PP1. As shown in Fig. 1A , Flag-PP1␣ and the control mouse IgG but not the control vector and the control mouse IgG coprecipitated with 2C-HA. 2C-Flag, in turn, consistently coprecipitated with HA-PP1␣ (Fig. 1B) . The amino acid sequences of the three PP1c isoforms are about 90% identical. Except for the main differences, located at the N and C termini (27) , we sought to test whether EV71 2C also binds PP1␤ and PP1␥. As shown in Fig. 1C and D, both Flag-PP1␤ and PP1␥ interacted with 2C-HA. We also found endogenous PP1␣-, PP1␤-, and PP1␥-bound 2C-Flag (Fig. 1E) .
To further determine the interaction between EV71-expressed 2C and PP1 under the conditions of EV71 infection, we first characterized the specificity of an EV71 2C antibody, which was produced by us and was previously described (21) . Figure 2A shows that the EV71 2C antibody specifically recognized EV71-expressed 2C (about 37 kDa). Then, we conducted co-IP assays, in which 293T cells were transfected with the Flag-tagged PP1c isoforms and subsequently infected with EV71 for 24 h. As shown in Fig. 2B to D, the EV71-expressed 2C protein interacted with all three PP1c isoforms. The results indicate that 2C interacts with PP1c.
EV71 2C does not change the localization of PP1c. Some PP1-interacting proteins reportedly regulate the subcellular localiza- tion of PP1 (28) (29) (30) (31) . We intended to investigate whether EV71 2C affects PP1 localization in living cells by an immunofluorescence assay. As shown in Fig. 3 and consistent with our previous findings (21), overexpressed 2C-Flag (red) was localized exclusively in the cytoplasm. EV71-expressed 2C was located in the entire cell. The three PP1c isoforms (Fig. 3, green) were distributed in both the cytoplasm and the nucleus. The distribution of PP1c remained unchanged under the conditions of 2C-Flag overexpression or EV71 infection, suggesting that EV71 2C does not influence the cellular localization of PP1c. PP1c binding is crucial for EV71 2C-mediated inhibition of IKK␤ phosphorylation and NF-B activation. To investigate whether PP1c binding to EV71 2C causes the suppression of TNF-␣-mediated NF-B activation, we sought to determine the key sites of the 2C protein that are required for the initial binding of PP1. Most PP1c-interacting proteins (more than 95%) contain the canonical PP1-binding motif (R/K)(0,1)(V/I/L)(^P)(F/W) (commonly termed the RVXF motif) [(0,1) indicates no or any one residue and (^P) means any residue but proline (P)], which directly interacts with a hydrophobic pocket on the surface of PP1. Within the consensus PP1-binding motif, the most conserved valine (V)/isoleucine (I)/leucine (L) and phenylalanine (F)/tryptophan (W) residues appear to anchor the binding of PP1 interactors to PP1, whereas the other residues mediate the specificity of recognition of the various PP1 interactors (32, 33) . Prediction of the functional sites in the EV71 2C protein was performed by using the eukaryotic linear motif (ELM) resource (http://elm.eu .org). Indeed, we found that the 2C protein possesses three highly conserved PP1-binding motifs (designated motifs I, II, and III) ( Fig. 4A and 5A, (Fig. 4A, bottom) . Through flowing co-IP assays (Fig. 4B) and quantification of the proteins in the IP panels (Fig. 4C) , we found that, in comparison with the level of 2C binding to PP1c isoforms PP1␣, PP1␤, and PP1␥, Mut1 showed binding activity of 65.21%, 68.47%, and 36.81%, respectively. Mut2 showed an evident decrease only in the interaction (39.21%) with PP1␥, and Mut3 did not influence PP1 binding. Taken together, these data suggest that three PP1-binding motifs perform complementary functions to a certain degree. The PP1␥-binding activity of EV71 2C appears to be more sensitive to the motif I or II mutation.
Then, six key residues within PP1-binding motifs were mutated to E or L, and the mutant was named 3E3L (Fig. 5A, bottom) . Thereafter, the ability of the 3E3L mutant to interact with endogenous PP1 and IKK␤ was assessed ( Fig. 5B and C) . Wild-type 2C efficiently bound the three isoforms of PP1c (Fig. 5B, second  lane) , and the 3E3L mutant showed significantly decreased PP1c-binding activity (47.47% binding to PP1␣, 51.36% binding to PP1␤, and 26.20% binding to PP1␥) (Fig. 5B, fourth lane, and C) . In contrast, the 3E3L mutant demonstrated IKK␤-binding activity similar to that of wild-type 2C. These data together indicate that the canonical PP1-binding motifs are efficient for the binding of 2C to PP1c but do not affect IKK␤ binding.
We further introduced PP1c-binding-deficient mutant 3E3L into IKK␤ phosphorylation and luciferase reporter assays. Consistent with the findings of our previous investigation (21), wildtype 2C markedly inhibited IKK␤ phosphorylation (Fig. 5D , second lane), whereas the 3E3L mutant did not inhibit IKK␤ phosphorylation (Fig. 5D, third lane) . Furthermore, as shown in Fig. 5E , the 3E3L mutant significantly restored the level of NF-B activation stimulated by TNF-␣. Taken together, these results support the notion that PP1c binding is crucial for EV71 2C- EV71 2C recruits PP1c and IKK␤ to form a complex. We subsequently investigated the functions of PP1c in 2C-mediated inhibition of IKK␤ phosphorylation. We first used 2C-Flag or control vector-transfected 293T cells to test the effect of TNF-␣-stimulated NF-B activation on the interaction of 2C and PP1c or IKK␤. As shown in Fig. 6A, 2C interacted with both endogenous IKK␤ and PP1c in the absence of TNF-␣ stimulation. After 15 min of TNF-␣ stimulation, the quantity of IKK␤ and the three isoforms of PP1c precipitated by 2C significantly increased, suggesting that the TNF-␣-stimulated activation of the NF-B signaling pathway promotes the binding of 2C to PP1c and IKK␤. We and other researchers previously revealed that the 125 N-terminal amino acids of 2C mediate the interaction of 2C with IKK␤ (21) and that PP1c interacts with IKK␤ (34) . Taken together, our data indicate that 2C, PP1c, and IKK␤ interact with each other in pairs, implying that 2C likely recruits PP1c and IKK␤ to form a complex.
To this end, we performed a two-step co-IP assay by using HA-IKK␤-and 2C-Flag-or control vector-cotransfected 293T cells. Whole-cell lysates were first immunoprecipitated with an anti-Flag-labeled affinity gel, and the Flag fusion protein was eluted by competition with the Flag peptide under native conditions. The samples that eluted from the first immunoprecipitation were used for the second immunoprecipitation with mouse HA antibody or control mouse IgG antibody. Finally, the HA fusion protein was eluted by SDS-PAGE sample buffer under denaturing conditions. As shown in Fig. 6B , we clearly detected all three endogenous PP1c isoforms in the samples of the second co-IP, suggesting that 2C, PP1c, and IKK␤ can form a complex.
These results collectively suggest that the EV71 2C protein recruits PP1c to IKK␤ and subsequently form a 2C-PP1-IKK␤ complex to suppress IKK␤ phosphorylation and the NF-B signaling pathway. The 2C proteins of PV, CVA16, and CVB3 suppress IKK␤ phosphorylation by recruiting PP1. Given that 2C is a highly conserved viral protein in human enteroviruses, we inquired whether the 2C proteins of other enteroviruses also regulate the NF-B signaling pathway via inhibition of IKK␤ phosphorylation. We investigated three additional enteroviruses, namely, PV, CVA16, and CVB3, which possess clinical significance. Through protein sequence alignment using the Clustal W method of MegAlign software, we found that, like EV71 2C, the PV and CVA16 2C proteins contain three PP1-binding motifs, whereas CVB3 2C possesses only one PP1-binding motif (Fig. 7A) . As expected, owing to the existence of PP1-binding motifs, the 2C proteins of PV, CVA16, and CVB3 all interacted with the three endogenous isoforms of PP1c (Fig. 7B) . However, the interaction activity between CVB3 2C and PP1␥ was significantly decreased. This reduction may be due to the single PP1-binding motif of the CVB3 2C protein, which corresponds to EV71 2C PP1-binding motif II. EV71 2C PP1-binding motif I, like motif II, performed an important function in PP1␥ binding since the mutant with a mutation of PP1-binding motif I (Mut1) showed only 36.81% PP1␥-binding activity ( Fig. 4B and C) . The absence of motif I likely accounts for why the interaction between CVB3 2C and PP1␥ is significantly reduced. In addition to PP1 binding, endogenous IKK␤ was identified within the co-IP eluate (Fig. 7B) . In an immunoblotting assay, we observed that the PV, CVA16, and CVB3 2C proteins decreased the level of IKK␤ phosphorylation (Fig. 7C to E) . Taken together, these results demonstrate that PV, CVA16, and CVB3 2C suppress IKK␤ phosphorylation by using the same mechanism that EV71 2C uses.
DISCUSSION
The IKK complex not only is the master regulator of the NF-B signaling pathway but also is engaged in cross talk with other signaling mechanisms, such as proantiapoptotic, proinflammatory, and proliferative pathway-independent NF-B activation (35) . Multiple biological functions render the kinase activity of the IKK complex to be tightly controlled by phosphorylation, nondegradative ubiquitination, adaptor protein interactions, and higher-order oligomerization events and to be an excellent target for various viruses (36) . The reversible phosphorylation of the IKK complex, especially IKK␤, is mediated by autophosphorylation or upstream IKKs and protein phosphatases, including PP1, PP2, PP4, and PP6 (37, 38) . To suppress NF-B activation, many viruses can use the components of the IKK␤ upstream signaling network or directly bind IKK␤ to inhibit IKK␤ phosphorylation (39) . However, the mechanism by which these viruses directly target and dephosphorylate IKK␤ has yet to be fully dissected. In this study, on the basis of our previous findings, which state that EV71 2C suppresses the TNF-␣-mediated NF-B signaling pathway by directly binding IKK␤ and inhibiting IKK␤ phosphorylation (21), we reveal that the 2C proteins of enteroviruses, including EV71, PV, CVA16, and CVB3, exploit a novel mechanism to inhibit IKK␤ phosphorylation by recruiting PP1 through its clas- sical PP1-binding motifs and IKK␤ to form a complex. This mechanism ultimately results in the inhibition of the NF-B signaling pathway.
Our data obtained in this study provide clear evidence that, instead of a physical block of IKK␤ phosphorylation sites, EV71 2C-mediated PP1 recruitment is efficient for the inhibition of IKK␤ phosphorylation and NF-B activation. According to our previous studies, we speculated that the binding between the EV71 2C protein and the kinase domain (KD) of IKK␤ may interrupt the upstream kinase to interact with and phosphorylate Ser 177 and Ser 181 within the KD and ultimately lead to the inhibition of IKK␤ phosphorylation (21) . Unexpectedly, we found in this study that the mutant with the PP1-binding-deficient 2C mutation 3E3L, which does not influence IKK␤-binding activity, markedly restored IKK␤ phosphorylation and NF-B activation, suggesting that, in comparison with IKK␤ binding, PP1 binding performs a predominant function in EV71 2C-mediated NF-B inactivation.
We previously revealed that the N-terminal 125 aa of EV71 2C are responsible for the inhibition of IKK␤ and NF-B activation (21) . Du et al. further determined that aa 105 to 121 are the binding area of IKK␤ (40) . Our data obtained in the current study indicate that the domain from aa 1 to 47, which contains three PP1-binding motifs, is responsible for PP1c binding. (42), we performed immunofluorescence assays and observed that, unlike the HIV-1 Tat protein, which enhances the nucleus targeting of PP1␥ (30), EV71 2C does not regulate the localization of PP1. Future study is needed to define whether 2C directly regulates PP1 enzyme activity.
Using a one-step co-IP assay, Jin et al. found that the HSV ␥ 1 34.5 protein recruits PP1 and IKK␤, which form a complex to dephosphorylate IKK␤, resulting in the inactivation of NF-B (41). Likewise, Qu et al. reported that the host protein hCINAP negatively regulates NF-B signaling by forming an hCINAP-PP1-IKK␤ complex (38) . However, neither study fully proved the model in which PP1, IKK␤, and ␥ 1 34.5 (or hCINAP) can form a tripolymer complex. In the current study, we used a two-step co-IP assay, which is a more rigorous method for confirming the tripolymer formation of the three proteins, which were found to interact with each other in a pairwise manner. Our data indicate that EV71 2C recruits all isoforms of PP1 and forms a complex with IKK␤.
Although several protein phosphatases, including PP1, PP2, PP4, and PP6, have been reported to be regulators for type I signaling pathways, only a few viruses have recently been reported to use PP1 as a target to modulate host innate immune responses (41, (43) (44) (45) (46) . Gack and colleagues (43) (44) (45) showed that measles virus (MV) inhibits type I IFN production by targeting PP1␣ and PP1␥ but not PP1␤, thus inhibiting the PP1-MDA5 interaction and PP1 phosphatase activity to prevent RLR dephosphorylation and activation. They revealed a model in which viral proteins bind PP1 and interfere with the dephosphorylation activity (43) (44) (45) . In contrast, our results suggested a distinct model in which protein 2C promotes the dephosphorylation of the phosphorylated IKK␤ by recruiting all three isoforms of PP1c and IKK␤. Although the HSV ␥ 1 34.5 protein has been reported to recruit PP1␣ and IKK␤ to promote the dephosphorylation of the phosphorylated IKK␤, the functions of PP1␤ and PP1␥ in the ␥ 1 34.5-mediated inhibition of IKK␤ phosphorylation have not been determined (41, 47) . Our data presented here provide evidence that all three isoforms of PP1c (PP1␣, PP1␤, and PP1␥) perform a critical function in the inhibition of IKK␤ phosphorylation mediated by EV71 2C. We further confirmed the EV71 2C-PP1-IKK␤ complex model by studying other classical enteroviruses, including PV, CVA16, and CVB3. Although enteroviruses and picornaviruses, such as footand-mouth disease virus, CVB3, and PV, reportedly use L proteases, 3C proteases, and 3A, respectively, to antagonize the NF-B signaling pathway, PP1 is not involved in the above-mentioned processes (15, 48, 49) . Taken together, our study reveals a novel mechanism by which enterovirus 2C proteins that lack protease activity regulate the NF-B signaling pathway through the formation of a PP1-2C-IKK␤ complex.
The nonstructural protein 2C of the Picornaviridae family (329 aa and 37.5 kDa) is one of the most highly conserved viral proteins. The protein is multifunctional and performs important functions in host cell membrane alteration, virus RNA binding and replication, morphogenesis, and encapsidation (50) (51) (52) (53) . More recently, Zhou and colleagues reported that the EV71 and CVA16 2C
ATPase functions as both an RNA helicase and an ATPindependent RNA chaperone, which is critical for the RNA replication and viability of enteroviruses (54) . The N-terminal region (aa 1 to 72 or 1 to 88) of PV 2C contains membrane, nucleoside triphosphate, and RNA binding motifs and is sufficient for membrane binding. This finding suggests that this region is indispensable for poliovirus (55, 56) . EV71 2C is closely related to PV 2C in homology, and the N-terminal region may also perform important functions in the life cycle of EV71. The N-terminal region (aa 5 to 43) is known to interact with reticulon 3, and this interaction is required for viral replication (53) . In the current study, we identified three PP1-binding motifs in the N-terminal region (aa 1 to 47) of 2C. When all PP1-binding motifs were mutated to generate the 3E3L mutation, the ability of 2C to bind to all three PP1c isoforms was affected (Fig. 5B) , thereby indicating that all motifs can mediate PP1c binding. Moreover, introduction of the 3E3L mutation into the EV71 cDNA infectious clone resulted in the dysfunction of EV71 2C rescue (data not shown), suggesting that the N-terminal PP1-binding motifs (aa 1 to 47) of EV71 2C are critical for virus viability. In this regard, we cannot rule out the possibility that 2C-PP1c interaction may perform other functions aside from inhibiting IKK␤ phosphorylation.
As a major Ser/Thr phosphatase that is ubiquitously expressed in all eukaryotic cells, PP1 is involved in cell cycle progression, protein synthesis, skeletal muscle contraction, cellular glycogen metabolism, transcription, and membrane receptor and ion channel formation, in addition to regulation of the innate immune system (57) (58) (59) . We reveal that all isoforms of PP1c serve as targets for enteroviruses. Enteroviruses probably regulate a broad range of host cellular processes through the targeting of different isoforms of PP1. Taken together, our findings demonstrate that the model of the 2C-PP1-IKK␤ antergic complex inhibition of NF-B signaling pathway described here represents a novel strategy by which enteroviruses escape innate immunity and provides the basis for further understanding of viral pathogenicity.
